The last decade has witnessed considerable advancements in nanostructured material synthesis and property characterization. However, there still exists some deficiency in the mechanical and surface property characterization of these materials. In this paper, the erosion corrosion (E-C) behavior of nanostructured copper was studied. The nanostructured copper was produced through severe plastic deformation (SPD) by applying four passes of equal channel angular pressing (ECAP). The combined effects of the testing time, impact velocity, and concentration of erosive solid particles (i.e., sand concentration) on the E-C behavior of nanostructured copper were then examined. Based on a defined domain for the testing time, impact velocity, and sand concentration, E-C tests were performed for numerous combinations of test points via the slurry pot method. The test points were selected using the face-centered center composite design of experiments to enable visualization of the test results through surface plots. The extent of E-C on the test specimens was determined by measuring the mass loss. Polynomial regression and Kriging were used to fit surfaces to the experimental data, which were subsequently used to generate surface plots. The results showed that the E-C of nanostructured copper is best described by a quadratic function of testing time, velocity, and erosive solid particle concentration. The results also revealed that E-C increases with an increasing testing time, impact velocity, and erosive solid particle concentration. In addition, it was observed that the effect of the erosive solid particles on E-C is further intensified by an increased impact velocity.
Introduction
The interaction between erosion and corrosion (E-C) is known to be a major cause of the deterioration of the performance of pumps, turbines, pipelines, and other similar equipment [1] [2] [3] [4] [5] [6] [7] . Corrosion damages the material surface through an electrochemical reaction [8, 9] , whereas erosion involves the removal of material through a mechanical process. It has been observed that the combined effect of E-C results in material loss that occurs more rapidly than when erosion or corrosion occur independently [10] [11] [12] . Many studies have shown that E-C behavior depends on various variables such as the solid particle geometry (size, shape, etc.), flow velocity, impact angle, slurry composition, tested material, and temperature [13, 14] . Various methods, such as slurry pot [6, [15] [16] [17] , flow loop [18] [19] [20] [21] , and jet impingement systems [22] [23] [24] [25] , have been used to investigate the E-C behavior of materials. In addition to experimental studies, analytical methods for studying E-C behavior are being rapidly developed [26] . ECAP was applied by using a 90 • channel die made from H13 steel. Four passes of ECAP (route B C ) at room temperature were completed using a hydraulic press with a capacity of 160 tons. During the ECAP process, MoS 2 was used to reduce the friction between the sample and the die walls. Figure 1 shows the setup of the ECAP process. 
Experiment Procedures

ECAP Process
Commercial copper rods that were 20 mm in diameter and 140 mm in length were used for the study. The chemical composition of the copper rods is listed in Table 1 . Table 1 . Chemical composition of the copper rods used in the study.
Content
Cu Fe Pb S As Sb Bi Composition (%) 99.95 0.005 0.005 0.005 0.002 0.002 0.001 ECAP was applied by using a 90° channel die made from H13 steel. Four passes of ECAP (route BC) at room temperature were completed using a hydraulic press with a capacity of 160 tons. During the ECAP process, MoS2 was used to reduce the friction between the sample and the die walls. Figure 1 shows the setup of the ECAP process. 
Erosion-Corrosion Experiments
The slurry pot method was employed to examine the E-C behavior of standard and nanostructured pure copper. The copper specimens were cut into smaller samples that were 20 mm in diameter and 6 mm in thickness. A slurry solution containing 3.5% NaCl-to provide the corrosion effect-and solid particles (SiO2 ranging from 300 μm to 500 μm in size)-to provide the erosion effect-were used in the experiments. The slurry was contained within a cylindrical vessel with a 
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Results and Discussion
Comparison of E-C for Coarse and Nanostructured Grain COPPER
To validate the reduction of grain size, the grain size of both annealed ECAPed samples was measured. The optical (annealed) and Scanning Electron Microscopy (SEM) (4 pass ECAP) microstructures of the commercial pure copper are shown in Figure 3 . Approximately, a 100% reduction in grain size was observed after the ECAP process. The average grain size before and after ECAP was 1000 nm and 600 nm respectively. 
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To validate the reduction of grain size, the grain size of both annealed ECAPed samples was measured. The optical (annealed) and Scanning Electron Microscopy (SEM) (4 pass ECAP) microstructures of the commercial pure copper are shown in Figure 3 . Approximately, a 100% reduction in grain size was observed after the ECAP process. The average grain size before and after ECAP was 1000 nm and 600 nm respectively. Using the previously described procedures, experiments were conducted to compare the E-C on standard (coarse) and nanostructure copper under various conditions. The objective of these comparisons was to investigate any improvements in the E-C resistance of copper resulting from the ECAP. In particular, the effect of impact velocity, time, and erodent concentration were studied, as discussed in the following subsections.
Impact Velocity Effect
Erosion-Corrosion experiments were performed on both standard (coarse) and nanostructured copper for four velocity settings, namely 1.4 m/s, 2.7 m/s, 3.8 m/s, and 5.4 m/s. The testing time and erodent (sand) concentration were kept at 48 h and 20%, respectively. The graph in Figure 4 shows a comparison of the E-C between the standard and nanostructured copper for the various velocities. Using the previously described procedures, experiments were conducted to compare the E-C on standard (coarse) and nanostructure copper under various conditions. The objective of these comparisons was to investigate any improvements in the E-C resistance of copper resulting from the ECAP. In particular, the effect of impact velocity, time, and erodent concentration were studied, as discussed in the following subsections. 
Time Effect
The effect of time on the E-C of both the coarse and nanostructured copper samples was studied for various testing times, namely 12 h, 24 h, and 48 h. For all three-test durations, the impact velocity was kept constant at 3.8 m/s, while the erodent (sand) concentration was kept at 20%. In Figure 5 , a comparison of the E-C between the standard and nanostructured copper for the various test durations is shown. 
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Impact Velocity Effect
Erosion-Corrosion experiments were performed on both standard (coarse) and nanostructured copper for four velocity settings, namely 1.4 m/s, 2.7 m/s, 3.8 m/s, and 5.4 m/s. The testing time and erodent (sand) concentration were kept at 48 h and 20%, respectively. The graph in Figure 4 shows a comparison of the E-C between the standard and nanostructured copper for the various velocities. 
Time Effect
Erodent Concentration Effect
In addition, E-C experiments were performed on both the coarse and nanostructured copper for various sand concentrations. Four concentration levels were considered, namely 0%, 10%, 20%, and 30%. For all concentration levels, the testing time was kept at 48 h and the impact velocity was kept at 3.8 m/s. The graph in Figure 6 shows a comparison of the E-C between the standard and nanostructured copper for the various concentration levels.
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In addition, E-C experiments were performed on both the coarse and nanostructured copper for various sand concentrations. Four concentration levels were considered, namely 0%, 10%, 20%, and 30%. For all concentration levels, the testing time was kept at 48 h and the impact velocity was kept at 3.8 m/s. The graph in Figure 6 shows a comparison of the E-C between the standard and nanostructured copper for the various concentration levels. 
Combined Effect of Time, Impact Velocity, and Erodent Concentration on E-C of Nanostructured Copper
Experiments were carried out to investigate the combined effect of time, impact velocity, and erodent (sand) concentration on the E-C of nanostructured copper, as presented in the following subsections.
Data Points for the Experiments
E-C experiments are extremely expensive because there is a need for advanced planning with regard to the reservation of equipment, facilities, and skilled technicians, as well as substantial setup and running times. In the current work, the situation is further exacerbated because the specimens (i.e., nanostructured ECAP copper) are difficult and time-consuming to manufacture. For these reasons, the combinations of data points for the experiments should be carefully designed to cover the test variables (i.e., test time, impact velocity, and sand concentration). In addition, the choice of data points for which the experiments will be performed has a large effect on the quality of the surface fit that will be used to generate the surface plots that enable the visualization of the combined effects of the test variables on the E-C behavior of nanostructured ECAP copper.
The combination of points at which the tests will be performed can be selected using the design of experiments (DOE) procedure. Angela and Voss [43] and Oehlert [44] provide in-depth descriptions of the methodology. In this work, the popular central composite design (CCD)-namely, the face-centered approach-is used. The domain for the test variables is simply defined by the lower and upper limits, resulting in a regular boxlike domain. Table 2 shows the lower and upper bounds for the three variables. The impact velocity is limited by the experimental equipment in this work, but its bounds are nonetheless similar to what is found in the literature [45, 46] . The bounds of the sand concentration and testing time are also based on the literature [47] .
With the stated bounds, the combination of test points for the experiment can be determined based on the face-centered CCD. The fifteen combinations of test points generated using this DOE are listed in Table 3 , including eight corner points (Tests 1-8), six axial points (Tests 9-14), and one central point (Test 15). 
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Data Points for the Experiments
The combination of points at which the tests will be performed can be selected using the design of experiments (DOE) procedure. Angela and Voss [43] and Oehlert [44] provide in-depth descriptions of the methodology. In this work, the popular central composite design (CCD)-namely, the face-centered approach-is used. The domain for the test variables is simply defined by the lower and upper limits, resulting in a regular boxlike domain. Table 2 shows the lower and upper bounds for the three variables. The impact velocity is limited by the experimental equipment in this work, but its bounds are nonetheless similar to what is found in the literature [45, 46] . The bounds of the sand concentration and testing time are also based on the literature [47] . With the stated bounds, the combination of test points for the experiment can be determined based on the face-centered CCD. The fifteen combinations of test points generated using this DOE are listed in Table 3 , including eight corner points (Tests 1-8) , six axial points (Tests 9-14), and one central point (Test 15). The E-C experiments were conducted according to the combinations of test points listed in Table 3 . In order to alleviate the cost associated with the experiments (as both ECAP and the E-C testing process are expensive), it should be noted that although 15 different combinations of variables are stated, fewer than 15 samples can be used if the experiments are well planned. For example, Tests 1 and 5 can utilize the same sample as only the time is varying (other quantities are constant); thus, after 10 h, the test sample can be measured to determine the extent of E-C. The same specimen can then be used to complete Test 5. This procedure can therefore be used to reduce the costs with regard to the number of specimens used and the total experimental time. The results from the experiments are listed in Table 4 . For each of the combinations of test points, two tests were conducted and the mean of the two values was recorded. It is worth noting that conducting several experiments for each of the combinations of test points (to obtain a proper average) would be too expensive and therefore infeasible. In order to visualize and interpret the results in Table 4 , the surfaces were fit to the data, from which surface plots were generated. Surface plots were generated using two techniques: polynomial regression and Kriging. What follows are brief descriptions and the results of the two approaches.
Polynomials Regression
In the first approach, surface plots are generated using polynomials. Least squares regression was used to fit the data with first-and second-order polynomials, of the forms in Equations (1) and (2), respectively:
where w is the mass loss per unit area; t, v, and s are the test variables (time, impact velocity, and sand concentration, respectively); and β i represents the coefficients to be determined. The two polynomials were constructed in an effort to reveal the trends of the data. Chapra and Canale [48] provide a detailed discussion of the regression models, determination of the coefficients, and model evaluation for quality of fit. In Table 5 , the coefficient of determination for the first-and second-order polynomials are reported as 0.8444 and 0.9863, respectively. In addition, the value of the coefficient of determination for the second-order polynomial (0.9863) indicates that the quadratic polynomial was a reasonably good fit. Therefore, within the domain of the data, its can reasonably be stated that the trend is quadratic rather than linear. Using Equations (1) and (2), surface plots were generated to reveal the combined effect of time, velocity, and sand concentration on the E-C of nanostructured ECAP copper for both the linear and quadratic polynomials (for comparison). In Figure 7 , the mass loss is plotted as a function of sand concentration and velocity for various times (specified in the figure). In Figure 8 , the mass loss is plotted as a function of time and sand concentration for various velocities. In Figure 9 , the mass loss is plotted as a function of time and velocity for various sand concentrations. 
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(a) Kriging was used as an alternative approach to establish the relation between the mass loss, testing time, impact velocity, and sand concentration. Kriging was initially developed by geologists as a means to approximate the properties of minerals within a region of interest based on the information of mineral properties in other regions [49] . It is an interpolation technique based on regression against observed values of neighboring data points that are weighted according to spatial covariance values. The equation for Kriging has the following form [49, 50] :
The first part of the equation,
, is a regression model consisting of a linear combination of q regressors (i.e., chosen functions j f such as polynomials). This part models the trend of the domain. The second part of Equation (3), ( ) Z x , is a random process assumed to have a mean of zero and a covariance described as: Kriging was used as an alternative approach to establish the relation between the mass loss, testing time, impact velocity, and sand concentration. Kriging was initially developed by geologists as a means to approximate the properties of minerals within a region of interest based on the information of mineral properties in other regions [49] . It is an interpolation technique based on regression against observed values of neighboring data points that are weighted according to spatial covariance values. The equation for Kriging has the following form [49, 50] :
, is a regression model consisting of a linear combination of q regressors (i.e., chosen functions f j such as polynomials). This part models the trend of the domain. The second part of Equation (3), Z(x), is a random process assumed to have a mean of zero and a covariance described as:
In Equation (4), the process variance, σ 2 , has the effect of scaling the spatial correlation function, R(x 1 , x 2 ). It is worth noting that the correlation function is responsible for the smoothness of the final Kriging model, whereas the second part of Equation (3) is considered as having the effect of pulling the response over the data by quantifying the correlation of neighboring data points [49] . More detailed information on the application of Kriging and a determination of the mean square errors (MSE) (measure of quality of an estimator) can be found in the references [49, 50] .
In this work, the Kriging form and Kriging Matlab toolbox were employed [50] . The toolbox offers the options of zeroth-, first-, and second-order polynomials for the regression model. In the current study, first-and second-order polynomials were used, and the resulting surface plots are compared. Several correlation models, such as gauss, exponential, spherical, spline, cubic, and linear, are available for use in the toolbox. The spline correlation model was selected for this work.
Utilizing data from Table 4 , surface plots were generated using the Kriging approach. In Figure 10 , the mass loss as a function of sand concentration and velocity is plotted for various times (specified in the figure) for both the first-and second-order models. In addition, the MSE of the first-and second-order models are also plotted for comparison. In Figure 11 , the mass loss is plotted as a function of time and sand concentration for various velocities; in Figure 12 , the mass loss is plotted as a function of time and velocity for various sand concentrations. As in Figures 10-12 , the MSE corresponding to the first-and second-order models are also plotted and compared. In Equation (4), the process variance, 2 σ , has the effect of scaling the spatial correlation function,
. It is worth noting that the correlation function is responsible for the smoothness of the final Kriging model, whereas the second part of Equation (3) is considered as having the effect of pulling the response over the data by quantifying the correlation of neighboring data points [49] . More detailed information on the application of Kriging and a determination of the mean square errors (MSE) (measure of quality of an estimator) can be found in the references [49, 50] .
Utilizing data from Table 4 , surface plots were generated using the Kriging approach. In Figure  10 , the mass loss as a function of sand concentration and velocity is plotted for various times (specified in the figure) for both the first-and second-order models. In addition, the MSE of the firstand second-order models are also plotted for comparison. In Figure 11 , the mass loss is plotted as a function of time and sand concentration for various velocities; in Figure 12 , the mass loss is plotted as a function of time and velocity for various sand concentrations. As in Figures 10-12c,d , the MSE corresponding to the first-and second-order models are also plotted and compared. 
Discussion
Figures 4 through 6, respectively, show the effect of impact velocity, testing time, and sand concentration on the E-C of standard (coarse) and nanostructured copper. The three figures indicate that any increase of the individual test parameters (impact velocity, testing time, and sand concentration) results in higher E-C on both the standard and nanostructured copper. In addition, it can be seen, that as the individual parameters are increased, the amount of E-C on the nanostructured copper was increasingly less than what was observed on the coarse copper. It can thus be stated that, under the studied conditions, nanostructured copper is more superior in resisting E-C than standard copper.
From the six figures (Figures 7-12 ), a number of observations can be made regarding the effects of testing time, velocity, and sand concentration on the E-C behavior of nanostructured copper. These observations are discussed in the following subsections.
Trend of the Surface
Within the domain of the test data, the mass loss due to the E-C of nanostructured ECAP copper is best described by a quadratic function of time, velocity, and sand concentration. In the case of the polynomial regression, it is clear from the coefficients of determination (see Table 5 ) of the linear polynomial (r 2 = 0.844) and the quadratic polynomial (r 2 = 0.986) that the quadratic function is a better fit. Similarly, in the Kriging approach, the MSE for the three sets of surface plots (Figure c,d, Figure  c,d, and 12c,d ) also reveal that the most appropriate model is the 2nd order model because the values of the MSE obtained for the first-order model are very high in all three sets of surface plots. Thus, from the two approaches, it can be stated with reasonable confidence that the trend of the data is quadratic.
Effect of Testing Time, Impact Velocity, and Sand Concentration
From Figures 8b and 11b , it is observed that for a specific value of sand concentration (e.g., a low concentration of 0%), the mass loss increases with an increasing testing time. For greater sand concentrations (e.g., 30%), the mass loss is more rapid. In Figures 7b and 10b , it can be observed that the mass loss increases with an increasing sand concentration, and increases for a given velocity and testing time (e.g., 2 m/s and 50 h). This is also true for higher velocities (e.g., 5 m/s), except that the mass loss is more rapid as the sand concentration increases. Thus, an increased impact velocity enhances the effect of sand concentration on mass loss. This increase in mass loss relative to sand concentration is consistent with other studies [30, 31, 33] . It can also be observed that the amount of 
Discussion
Figures 4-6, respectively, show the effect of impact velocity, testing time, and sand concentration on the E-C of standard (coarse) and nanostructured copper. The three figures indicate that any increase of the individual test parameters (impact velocity, testing time, and sand concentration) results in higher E-C on both the standard and nanostructured copper. In addition, it can be seen, that as the individual parameters are increased, the amount of E-C on the nanostructured copper was increasingly less than what was observed on the coarse copper. It can thus be stated that, under the studied conditions, nanostructured copper is more superior in resisting E-C than standard copper.
Trend of the Surface
Within the domain of the test data, the mass loss due to the E-C of nanostructured ECAP copper is best described by a quadratic function of time, velocity, and sand concentration. In the case of the polynomial regression, it is clear from the coefficients of determination (see Table 5 ) of the linear polynomial (r 2 = 0.844) and the quadratic polynomial (r 2 = 0.986) that the quadratic function is a better fit. Similarly, in the Kriging approach, the MSE for the three sets of surface plots (Figures 10c,d, 11c,d , and 12c,d) also reveal that the most appropriate model is the 2nd order model because the values of the MSE obtained for the first-order model are very high in all three sets of surface plots. Thus, from the two approaches, it can be stated with reasonable confidence that the trend of the data is quadratic.
Effect of Testing Time, Impact Velocity, and Sand Concentration
From Figures 8b and 11b , it is observed that for a specific value of sand concentration (e.g., a low concentration of 0%), the mass loss increases with an increasing testing time. For greater sand concentrations (e.g., 30%), the mass loss is more rapid. In Figures 7b and 10b , it can be observed that the mass loss increases with an increasing sand concentration, and increases for a given velocity and testing time (e.g., 2 m/s and 50 h). This is also true for higher velocities (e.g., 5 m/s), except that the mass loss is more rapid as the sand concentration increases. Thus, an increased impact velocity enhances the effect of sand concentration on mass loss. This increase in mass loss relative to sand concentration is consistent with other studies [30, 31, 33] . It can also be observed that the amount of mass loss increases with testing time regardless of the sand concentration, as long as the impact velocity is greater than zero (See Figures 7b and 11b for 0% sand concentration) . From Figures 9b and 12b , it is noted that for a specific value of the testing time (e.g., 50 h), the mass loss increases with an increasing impact velocity. This observation is consistent with observations in previous studies [30, 33] .
Finally, the surface plots based on polynomial regression (Figures 7b, 8b and 9b) and Kriging (Figures 10b, 11b and 12b) reveal that the synergetic effect of the three parameters (testing time, impact velocity, and sand concentration) on the E-C behavior of nanostructured ECAP copper is much greater than the effect of each individual parameter.
Conclusions
Tests were performed on standard and nanostructured copper to investigate their E-C behavior under specified conditions for three test parameters, namely impact velocity, testing time, and erosive solid particle (sand) concentration. It was established that nanostructured copper is more superior in terms of resisting E-C than traditional standard copper.
In a separate set of tests, nanostructured ECAP copper was subjected to E-C tests to study the combined effect of three parameters: testing time, impact velocity, and erosive solid particle concentrations. The E-C tests were conducted on selected test points within the defined domain of the test parameters. Surface plots were generated from the test results, from which the following conclusions can be drawn:
•
The E-C of nanostructured copper is better described by a quadratic function of the testing time, impact velocity, and sand concentration than a linear function.
•
The E-C of nanostructured copper increases with an increasing testing time, impact velocity, and sand concentration.
Mass loss due to E-C is more severe for higher impact velocities. This possibly occurs because the increased velocity raises the impact energy of the sand particles on the test specimen and the reaction rate with the corrosive agent, thus accelerating the mass loss.
The polynomial regression and Kriging techniques were effective in fitting the surfaces to the experimental data to allow for a visualization of the trends. For the polynomial regression, the coefficient of determination was 0.986, indicating a good fit for the second-order polynomial.
In the case of the Kriging approach, the MSE for the quadratic model were found to be much lower than those of the linear model, further strengthening the argument that the trend is quadratic.
Simultaneously increasing the three test parameters (testing time, impact velocity, and sand concentration) causes a more significant increase in the E-C of nanostructured copper than the sum of individually increasing each parameter.
